Background and Purpose. The aim of this investigation was to study the effect of electrical stimulation on nociceptive responses within the lumbar levels of the rat spinal cord. Methods. A single high-energy thermal pulse produced by a surgical laser stimulator (5 W, 30 milliseconds) was applied on the plantar surface of the hind paws of male Sprague-Dawley rats. The spinal cord field potential evoked by the laser pulse was used as an indicator of thermosensitve nociceptive responses. Low-intensity single stimulation, high-intensity single stimulation, low-intensity train stimulation, and high-intensity train stimulation were applied on the common peroneal nerve with protected cuff electrodes in different trials. Results. Neither low-intensity nor highintensity single stimulation suppressed field potentials. In contrast, low-intensity train stimulation elicited partial inhibition of field potentials. Furthermore, high-intensity train stimulation elicited biphasic inhibition at a wider range of intervals lasting for 20 seconds. Conclusion and Discussion. The results demonstrate that two modes of train electrical stimulation can produce two patterns of fast-onset (within milliseconds), short-duration (within 20 seconds) inhibition of field potentials in the spinal cord. These results provide evidence that noxious heat-related impulses are modulated by the presence of specific electrical stimulation. The clinical application of transcutaneous electrical nerve stimulation to block pain is supported. [Wang S-F, Chen Y-W, Shyu B-C. The suppressive effect of electrical stimulation on nociceptive responses in the rat. Phys Ther. 1997;97:839-847.1
lectrical stimulation has been used to treat various types of painful conditions, including sciatica, headache, kidney stones, gout, hysteria, rheumatism, migraine, alcoholism, and neuralgia.' Not until 1965, when Melzack and Wall2 proposed their gate control theory of pain, was a theoretical basis for the effect of transcutaneous stimulation in pain control provided. The gate control theory proposes that stimulation of the large caliber of myelinated fibers can inhibit the transmission of pain. Conventional (highfrequency, low-intensity) transcutaneous electrical nerve stimulation (TENS) was subsequently developed on the basis of this theory. The analgesic effect of high-intensity electrical stimulation may involve the release of endogenous morphine-like substances through the descending pain inhibitory
Although the clinical effect of TENS in pain control remains contr~versial,~-l~ a recent study16 indicates that interactions exist between physiological and psychological factors in patients treated with TENS. The question of whether TENS yields merely a placebo effect arises, and therefore the underlying neurophysiological mechanism of electrical stimulation-induced analgesia warrants further characterization.
Studies of cats with spinal cords transected at the C2-3 level have demonstrated that electrical stimulation can produce an inhibitory effect on the flexion reflex lasting for 10 to 100 seconds. 17 This spinal inhibitory effect is resistant to naloxone. 17 In anesthetized animals with intact spinal cords, electrical stimulation has been shown to produce a sustained inhibitory effect on the flexion reflex and neuronal activities of spinothalamic tract cells lasting up to 20 r n i n u t e~,~~-2~ which can be reversed by naloxone. Spinal and supraspinal pathways can be activated by electrical stimulation. We believe, therefore, that spinal and supraspinal mechanisms should be examined separately to assess the mechanisms of electrical stimulation. The focus of this study was on spinal mechanisms.
High-intensity electrical stimulation, which activates both Adelta and C fibers, has been used as the source of pain in previous studies on analgesia induced by electrical s t i m~l a t i o n . l~-~ The intensity of the electrical current used in activating C fibers, however, simultaneously activates other sensory fibers and interacts with the activity of C fibers. To overcome this technical problem, high-power laser stimulation has been used to selectively stimulate A-delta and C fibers and produce fast and slow pain in humans with minimal activation of other large myelinated
In clinical situations, high-power laser stimulation has been used in subjects in experiments and in patients for quantitative measurements of pain.22t38-42 Furthermore, in studies using animals, high-power laser stimulation can selectively activate nonmyelinated C fibers and induce the firing of widedynamic-range (WDR) nociceptive neuron^.^^,^^ The frequency of the defensive response, such as the withdrawal reflex, in unanesthetized rats correlates with the energy output of applied high-power laser ~t i m u l a t i o n .~~ Therefore, high-power laser stimulation appears to be an effective method for pain assessment.
Our study was designed to evaluate the suppressive effect of electrical stimulation acting on Gfiber activities selectively induced by laser stimulation in a spinal animal model. Single high-power laser pulses were used as test stimuli, and laserevoked field potentials (LEFPs) were used for nociceptive measurements. Because patients with chronic pain who were treated with TENS preferred modulated stimulation modes such as frequency modulation and burst mode rather than conventional continuous stimulation,12.13 four basic units of electrical stimulation-two modes of single stimulation and two modes of train stimulation with varying intensity and frequency-were tested for their immediate effects at the spinal cord level. The effectiveness of electrical stimulation in reducing the LEFPs would provide support for the concept of using TENS to block pain. 
Method

Animal Preparation
A total of 25 rats (Sprague-Dawley, male, 250-300 g) were anesthetized initially with ketamine (38 mg/kg) and ~o m~u n * (23 mg/kg) administered intraperitoneally and supplemented as needed to maintain anesthesia. A tube (PE240) was inserted into the trachea for artificial respiration. Jugular vein catheterization was subsequently used for anesthesia and fluid infusion. Body temperature was maintained at approximately 37°C by a homeothermic blanket system. The end-tidal carbon dioxide concentration was monitored and maintained at about 3.5% to 4%. The rats were decerebrated at the intercollicular level, and their spinal cord was transected at the T8-9 level. The injection of anesthetics was discontinued following the decerebration procedure. Laminectomy was performed between T-13 and L-2, and the flap of the back skin was fixed in the frame of a spinal unit device to form a paraffin pool. The dura mater was dissected under the operating microscope so that the dorsal column and dorsal root were exposed. Both the dorsal column and the dorsal root were subsequently covered by paraffin oil. The common peroneal nerve was exposed, and a protective cuff electrode was inserted to wrap around the exposed nerve trunk. The experimental design is shown in Figure 1 . The electrodes were extended by two fine wires, which were connected to the stimulator. This type of electrode can provide better contact with the nerve over an extended period.
Electrical Stimulation
Four different modes of electrical stimulation were used to test their effects on LEFPs (Fig. 2) . These four modes of electrical stimulation were (1) low-intensity single stimulation (L-S), (2) high-intensity single stimulation (H-S), (3) low-intensity train stimulation (100-Hz pulse frequency) (LT) , and (4) high-intensity train stimulation (2-Hz pulse frequency) (H-T). The intensity was set at 5 times the threshold of the stimulated nerve for low intensity. For high intensity, 100 to 200 times the threshold of the stimulated nerve was used. The threshold was defined as the minimal intensity of electrical stimulation needed to evoke a detectable potential recorded from the surface of the spinal cord at the corresponding lumbar segment. For the L-T mode, the train duration was 1 second. For the H-T mode, the train duration was 5 seconds. A constant-stimulation isolation unit was used to provide square wave pulses, and the pulse duration was set at 0.5 milliseconds. Each of the four types of electrical stimulation preceded the laser stimulation at varied intervals (0, 100, 250,500, and 1,000 milliseconds; Fig. 2 ). In the control condition, no electrical stimulation was delivered preceding the LEFP.
laser Stimu/ation
A model 20 CH Carbon Dioxide Surgical Laser systemt was used to stimulate the pad of a hindfoot of each rat. This carbon dioxide laser generates a laser radiation beam in the infrared spectrum at a wavelength of 10.6 p m Laser stimulation was set at an intensity of 5 W for a duration of 30 milliseconds. At this intensity, no tissue damage was visible following exposure of the laser beam with a distance of 1 cm between the footpad and the 
Drug Test
To test the involvement of the endogenous opioid in mediation of the effects, naloxone (0.2 mg), a morphine-specific antagonist, was injected intravenously 2 minutes before the condition-test procedure in one animal. Both field potentials and neuronal activities evoked by the laser pulse were evaluated.
12s -loo-.
Data Analysis
The analog signals of the LEFPs were transmitted to personal computerbased data acquisition system for online analog-to-digital conversion (sampling rate of 500/s with a Metrabyte DAS16F AD/DA interface cards) and digital analysis (with Quick Basic Lan- The trials began at least 2 hours after spinal cord milliseconds for L-S and H-S modes, 0-500 milliseconds transection, the approximate time required for the rats for L-T mode, and 0-30 seconds for H-T mode) were recorded for each animal. A repeated-measures one-way to recover from spinal shock.
analysis of variance was used for statistical analysis, using (Fig. I ) , unit activities were sent to the X-Y plotter.
Intervals of Electrical Stimulation-Laser Stimulation (ms)
where the optimal response was located. A silver-silver chloride reference electrode was placed in the nearby
Results
connective tissue. Evoked were amplified by an AC differential amplifier. All analog signals were displayed on an oscilloscope. For recording of single neuronal activity of the dorsal horn neurons to supplement the recordings of field potential, a glass pipette microelectrode, with a diameter of 1 to 3 Fm and a resistance of 5 to 10 Mfl, was inserted into the spinal cord corresponding to the area where the silver-silver chloride ball electrodes were placed on the surface of the spinal cord. The microelectrode was advanced by a stepping-motor drive1 to search for nociceptive neurons that responded to noxious stimulation of the foot. The laser-evoked neural activity and LEFPs were recorded simultaneously while laser stimulation was applied to the footpad of the rat.
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laser-evoked Field Potentials
Single laser pulses (duration = 30 milliseconds, intensity=5 W) applied to the footpad can evoke a prominent field potential recorded on the surface of the dorsal column at the L4-5 level. The LEFPs contained one negative wave and one positive wave. The mean peak latency of the negative wave was 214.30 milliseconds (SD=51.75). The mean peak latency of the positive wave was 343.33 milliseconds (SD=59.76). The mean peak amplitude of the positive wave was 0.33 mV (SD =0.13). The negative wave was small in amplitude and varied. Therefore, it was not included in the data analysis. A typical recording is shown in Figure 1 ( 
E k t of 1-S Mode of Electrical Stimulation
Low-intensity single stimulation demonstrated a minimal suppressive effect on LEFPs. The peak-to-peak amplitude of the LEFP at the 0-millisecond interval decreased to about 80% compared with the amplitude in the control condition. The control condition consisted of the LEFP recorded during laser st.imulation without prior electrical stimulation. This mild suppressive effect gradually disappeared as the intervals increased. At all of the intervals tested with this paradigm, the preceding single electrical stimulation showed no effects on the LEFP ( Fig. 3 ; n=5, F=O.l.5, F . 9 9 ) . suppressive effect was mild and about 70% of the amplitude in the control condition (Fig. 4) , and it was not Discussion and Conclusions statistically significant (n=5, F=1.79, F . 1 3 1 ) .
Effect of H-S Mode of Electrical
Stimulation
EfFect of 1-T Mode of Electrical Stimulation
After electrical stimulation with a train of low intensity (five times the threshold, frequency=100 Hz) for 1 second, the LEFPs were partially suppressed (Fig. 5) . At the interval of 0 milliseconds, the amplitude of the evoked potentials was suppressed to about 60% of the amplitude of the control condition. The suppression gradually decreased as the electrical stimulation-laser stimulation intervals increased. When the interval was as long as 2,000 milliseconds, the amplitude of the evoked potentials became almost the same as the amplitude in the control condition.
Effect of H-T Mode of Electrical Stimulation
High-intensity train stimulation produced dramatically suppressive effects on the LEFPs. The amplitude of the evoked potentials was suppressed to approximately 30% to 50% of the amplitude in the control condition. These suppressive effects lasted for a few seconds (Fig. 6) . When the intervals were within 20,000 milliseconds, there was a suppressive effect. The amplitude was approximatc:ly 50% of the amplitude in the control condition. At an interval of 1,000 milliseconds, a further suppression of the amplitude was noted. The amplitude was only about 30% of the amplitude in the control condition (Fig. 6 ).
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Laser-evoked Neuronal Activity
The laser-evoked neuronal activity of nociceptive neurons recorded in one rat had the same latency as that of the negative wave of the LEFPs (Fig. 7) . Furthermore, the laser-evoked neuronal activity discharged for several hundred milliseconds. The higher discharge rate of neuronal activity corresponded to the negative evoked potential and the rising phase of the positive evoked potential. These highly correlated latencies of neuronal activities and field potentials support the idea that the field potentials are mostly, if not all, contributed from the activities of nociceptive neurons. While simultaneously recording the laser-evoked dorsal column potentials and laser-evoked neuronal activity, both responses were found to be partially inhibited in the L T mode and dramatically inhibited in the H-T mode (Fig. 7) . Similar results were attained with two additional animals.
I
Effect of Naloxone on lEFP and Neuronal Activities
To test for the possible involvement of endogenous opioids in mediating the suppression, naloxone (0.2 mg), an antagonist of morphine, was administered intravenously to one animal before the trials. The inhibitory effects of electrical stimulation on LEFP and neuronal activity were not reversed by naloxone (Fig. 8) . of only heat-sensitive nociceptive responses, which are specifically activated by laser pulses.
In contrast to electrical stimulation, which was used exclusively in previous studies,17-*I laser stimulation selectively activates the heat-sensitive nocic e p t o r~.~~ Therefore, the use of laser stimulation is more physiological and specific in producing noxious responses. Because field potentials reflect a large population of neural activity, they cannot represent specifically the nociceptive activity. The activation of C fibers may also activate interneurons and motoneurons. In comparison with LEFPs, recording of laser-induced single neurons is a -direct measurement of the neural Figure 6 . activity during noxious stimulation. yield the same results and, therefore, reinforce the importance of this s u p pressive effect. produced greater inhibition. Even with quite strong stimulation (200 times the threshold), the suppression Train stimulation appears to be important in activating was short-lived (from several milliseconds to 20 seconds) different inhibitory pathways. Some evidence indicates and could not be reversed by naloxone. This result is that activation of intracellular pathways, such as ca2+ consistent with the results of a study by Shin et a1. 17 Our channels and e x o c y~o~c mechanisms, is frequency study and the study by Shin et The intensity of the stimulation appears to play a role in suppressing LEFPs. High-intensity electrical stimulation activates all fibers, whereas lowintensity electrical stimulation selectively activates only larger myelinated fibers. The activation of large fibers can modulate the activity induced by C fibers.* The suppressive effects of the L-T mode of' electrical stimulation correlates with the phenomenon of counterirritation, whereas the suppressive effects o'f the H-T mode of electrical stimulation support the concept of controlling pain by producing pain. This pain-induced analgesia is assumed to be produced by the release Our results partially support the first mechanism of electrical stimulation described by Low and Reed.48 Highfrequency, low-intensity electrical pulses (ie, traditional TENS) have a pain gate effect on C (slow) fibers in the dorsal horn due to stimulation of mechanoreceptors (A-beta fibers). Furthermore, our results demonstrate that single electrical stimulation itself The H-T mode stirnula-evoked neuronal activity following the high-intensity train stimulation preceding laser stimulation tion can produce further suppression. at O-millisecond intervals after the administration of the naloxone (0.2 mg). This phenomenon can be explained by the second mechanism of electrical described by Low and Reed," which states morphine. This finding is not consistent with the that low-frequency, high-intensity electrical pulses (ie, hypothesis that the H-T mode of electrical stimulation acupuncture TENS) stimulate A-delta fibers. These same produces a effect. authors hypothesized that the stimulation of A-delta fibers prodl;ces a morphine-like effect due to enkephaFour other possible spinal mechanisms may account for ]in release by interneurons in the dorsal horn. In our this suppressive effect in spinal cord. Decreases in axonal study, the suppressive effect of H-T electrical stimulation excitability949'50 PresFaptic and PostsFaptic inhibition, could not be reversed by naloxone, an antagonist of and the release of adenosine and monoaminergic substances51s52 may also be involved in the mechanisms of transcutaneous delivery of electrical stimulation (eg, TENS), however, we used electrodes placed directly on the nerve. Clinical devices such as those that are used to deliver interferential current, with its higher frequency (4,000 Hz), can produce pulses that penetrate and stimulate deep structures or nerves.48 These devices may act by similar inhibitory mechanisms to yield the nervestimulation suppressive effect observed in our study.
Further clinical trials to compare the effects of the cutaneous stimulation (eg, TENS) and the effects of stimulation of deep tissues (eg, interferential current) are warranted.
